The peroxisome represents a ubiquitous single membrane-bound key organelle that executes various metabolic pathways such as fatty acid degradation by ␣-and ␤-oxidation, ether-phospholipid biosynthesis, metabolism of reactive oxygen species, and detoxification of glyoxylate in mammals. To fulfil this vast array of metabolic functions, peroxisomes accommodate ϳ50 different enzymes at least as identified until now. Interest in peroxisomes has been fueled by the discovery of a group of genetic diseases in humans, which are caused by either a defect in peroxisome biogenesis or the deficient activity of a distinct peroxisomal enzyme or transporter. Although this research has greatly improved our understanding of peroxisomes and their role in mammalian metabolism, deeper insight into biochemistry and functions of peroxisomes is required to expand our knowledge of this low abundance but vital organelle. In this work, we used classical subcellular fractionation in combination with MS-based proteomics methodologies to characterize the proteome of mouse kidney peroxisomes. We could identify virtually all known components involved in peroxisomal metabolism and biogenesis. Moreover through protein localization studies by using a quantitative MS screen combined with statistical analyses, we identified 15 new peroxisomal candidates. Of these, we further investigated five candidates by immunocytochemistry, which confirmed their localization in peroxisomes. As a result of this joint effort, we believe to have compiled the so far most comprehensive protein catalogue of mammalian peroxisomes.
Peroxisomes are small organelles present in virtually all eukaryotic cells. They are surrounded by a single membrane and harbor a large set of enzymes that enables them to execute an array of metabolic functions, such as ␣-and ␤-oxidation of fatty acids, ether-phospholipid biosynthesis, metabolism of reactive oxygen species, and detoxification of glyoxylate in mammals (1) . The biogenesis of peroxisomes includes complex processes such as membrane assembly, import of matrix proteins, and division of mature peroxisomes. These processes require the concerted action of a subcellular machinery composed of more than 20 different proteins, the so-called peroxins (2, 3) . Failure in the biogenesis of peroxisomes or deficiencies in the function of single peroxisomal proteins leads to serious diseases in humans, such as Zellweger syndrome and X-linked adrenoleukodystrophy (1) . Although much has been learned about peroxisomes in recent years, crucial aspects of their functional activities and biogenesis still remain a conundrum.
The combination of subcellular fractionation and mass spectrometric analysis, referred to as organellar proteomics (for reviews, see Refs. 4 -6) , is a powerful method that facilitates the comprehensive characterization of subcellular structures, such as peroxisomes. However, the low abundance of peroxisomes combined with the limited ability to purify this organelle has complicated the proteomics analysis of peroxisomes until now (7) . Several proteomics studies have been performed on peroxisomes from Saccharomyces cerevisiae cultured in oleate-containing medium which induces the formation of peroxisomes (8 -10) . To isolate peroxisomes with high purity and in adequate yields from mammalian cells, Kikuchi et al. (11) performed density gradient centrifugation of rat liver preparations using Nycodenz followed by immunoaffinity purification using an antibody against the abundant per-oxisomal membrane protein (PMP) 1 70. Proteomics analysis of these peroxisomal preparations by SDS-PAGE followed by LC/tandem MS resulted in the identification of more than 50 bona fide constituents as well as a new isoform of Lon protease. Further studies of rat liver peroxisomes using twodimensional gel electrophoretic techniques and MS led to the identification of microsomal glutathione S-transferase (12) as well as nudix hydrolase 19, referred to as RP2 (13) . In addition, the known microsomal proteins aldehyde dehydrogenase, cytochrome b 5 , and its corresponding reductase were detected in peroxisomal preparations from rat liver (11, 12) . However, no information on the origin of these proteins (i.e. whether they are derived from peroxisomes or potentially co-purified microsomes) was provided by the descriptive proteomics strategies applied in these studies. To address this important issue, Aitchison and co-workers (10) introduced a relative quantitative MS-based proteomics approach to determine the enrichment or depletion of proteins detected in two peroxisomal membrane preparations from yeast that differed in their degree of purity. By determining the abundance ratios of the proteins identified in these two fractions, they were able to identify new peroxisome-associated proteins. At about the same time, strategies were developed to enable the profiling of hundreds of proteins through various fractions of a density gradient using quantitative MS in combination with (14) or without (15) stable isotope labels. These quantitative profiling approaches combined with statistical analyses were shown to allow for the reliable cellular location of proteins in a global manner, thereby providing an excellent means by which new insights into the proteomes and functions of subcellular structures can be obtained (15) (16) (17) (18) (19) .
In the present work, we report the proteomics characterization of mammalian peroxisomes. We used differential and Nycodenz density gradient centrifugation to isolate peroxisomes from mouse kidney with high purity. Application of MS-based proteomics methodologies enabled the identification of virtually all known resident proteins of the matrix as well as the membrane compartment of mammalian peroxisomes. Moreover through localization studies by protein correlation profiling combined with statistical analyses, we identified 15 new candidate peroxisomal proteins in mouse kidney. The presence of five of these candidate proteins (zincbinding alcohol dehydrogenase domain-containing protein 2, acyl-coenzyme A dehydrogenase family member 11, acylCoA-binding protein 5, the RIKEN cDNA clone 2810439K08 designated here as PMP52, and MOCO sulfurase C-terminal domain-containing 2 protein) in peroxisomes was confirmed by in vivo studies. Although the first three proteins appear to reside in the matrix and PMP52 is in all likelihood a new integral membrane component of mammalian peroxisomes of unknown function, the latter protein was shown to be localized in both peroxisomes and mitochondria. As a result, we believe to have compiled the so far most comprehensive catalogue of mammalian peroxisomes.
EXPERIMENTAL PROCEDURES

Purification of Peroxisomes from Mouse Kidney-Peroxisomes
were purified from kidneys of male Swiss mice, 4 -6 months of age, as described previously (13) . In brief, this method involves homogenization of kidneys in a buffer containing 10 mM MOPS-NaOH, 250 mM sucrose, 2 mM EDTA, and 0.1% ethanol (final pH ϭ 7.4) followed by centrifugation of the homogenate at 600 ϫ g for 10 min at 4°C to produce a postnuclear supernatant. Peroxisomes were isolated by Nycodenz equilibrium gradient centrifugation as described previously (20) . Fractions of 2 ml were taken from the bottom of the gradient and assayed for the marker enzymes catalase (peroxisomes), glutamate dehydrogenase (mitochondria), ␤-hexosaminidase (lysosomes), and esterase (microsomes) as described previously (Ref. 13 and references therein). Highest activities for catalase and glutamate dehydrogenase were measured in gradient fractions 3 and 12, respectively. The remaining two enzymes showed highest activities in fractions 15-17 (Supplemental Fig. 2A ). The protein concentrations were measured according to Bradford (21) using BSA as standard. Peroxisome pellets were prepared from the peroxisomal peak fraction (fraction 3) by centrifugation at 16,000 ϫ g for 10 min and stored at Ϫ80°C. For protein correlation profiling, 1-ml aliquots of gradient fractions 2, 3, 4, 6, 8, and 10 were taken to prepare peroxisome pellets. Prior to proteomics analysis, pellets were resuspended in sample buffer containing 30 mM Tris-HCl, 2 M thiourea, and 7 M urea (pH 8.5) to a final protein concentration of about 1 g/l.
Purification of Peroxisomal Membranes from Mouse Kidney-Peroxisomal membranes were prepared by alkaline extraction as described previously (22) . Briefly purified peroxisomes were resuspended in 0.12 M Na 2 CO 3 , pH 11.5, placed on ice for 30 min, and centrifuged at 100,000 ϫ g (T1270, Sorvallா) for 1 h at 4°C. Membrane pellets were then subjected to SDS-PAGE or in-solution tryptic digestion.
Western Blotting-Immunoblot analyses were performed as described elsewhere (23) . Briefly sample aliquots of gradient fractions from mouse kidney were mixed with an equal volume of Laemmli buffer, resolved by 10% SDS-PAGE, and blotted onto a nitrocellulose membrane. Nonspecific binding sites were blocked for 1 h using a PBS solution containing 1 g/liter Tween 20 (PBST) supplemented with 3% BSA (w/v). Incubations of primary antibodies and secondary antibody (goat anti-rabbit IgG coupled to alkaline phosphatase) were performed in PBST with 3% BSA (w/v). After each incubation step, the blots were washed extensively in PBST. Antigen-antibody complexes were visualized using alkaline phosphatase staining in a buffer containing 0.1 M Tris-HCl (pH 9.5), 0.1 M NaCl, 5 mM MgCl 2 , 0.33 g/liter 4-nitroblue tetrazolium chloride, and 0.17 g/liter 5-bromo-4-chloro-3-indolyl phosphate (disodium salt). The primary antibody for acyl-CoA dehydrogenase family member 11 was raised in rabbits against recombinant human protein as described previously (24) . The primary antibodies against catalase, voltage-dependent anion-selective channel protein 1, and per-oxisomal membrane protein 70 were purchased from Biodesign International (Kennebunkport, ME), Santa Cruz Biotechnology (Santa Cruz, CA), and Sanbio (Beutelsbach, Germany), respectively.
Gel Electrophoresis and In-gel Digestion-For SDS-PAGE, 25 l of 4ϫ SDS sample buffer were added to 75 l of protein sample. Proteins were separated on a polyacrylamide gel (15.2% total acrylamide, 1.3% bisacrylamide) with a 4% stacking gel using a Desaphor VA 300 system (Invitrogen) according to the manufacturer's instructions and subsequently stained by colloidal Coomassie Brilliant Blue G-250. The gel was equally cut in 2-mm slices. Gel bands were destained by alternately incubating them with 20 l of 10 mM ammonium hydrogen carbonate (NH 4 HCO 3 ) and 20 l of 5 mM NH 4 HCO 3 , 50% ACN (v/v) for 10 min each. In-gel digestion was performed overnight at 37°C using trypsin dissolved in 10 mM NH 4 HCO 3 buffer (pH 7.8). The resulting peptides were extracted twice with 10 l of ACN, 5% FA (50:50, v/v), and the resulting extracts were combined before ACN was removed in vacuo. For LC/MS analysis, samples were acidified by addition of 5% FA to a final volume of 20 l.
In-solution Digestion-Protein samples were dissolved in 50 mM NH 4 HCO 3 to a final concentration of 0.1 g/l. Then trypsin was added to result in a protein-to-trypsin ratio of 1:30, and enzymatic digestion was carried out for 6 h at 37°C. For LC/MS analysis, the resulting peptide mixtures were diluted in 5% FA to 0.067 g/l.
Nano-HPLC/ESI-MS 2 -On-line reversed-phase capillary HPLC separations were performed using the Dionex LC Packings HPLC systems (Dionex LC Packings, Idstein, Germany) as described previously (25) . ESI-MS 2 was performed on a Bruker Daltonics HCT plus ion trap instrument (Bremen, Germany) equipped with a nanoelectrospray ion source (Bruker Daltonics) and distal coated SilicaTips (FS360-20-10-D; New Objective, Woburn, MA). The instrument was externally calibrated with standard compounds. The general mass spectrometric parameters were as follows: capillary voltage, 1400 V; plate offset, 500 V; dry gas, 10.0 liters/min; dry temperature, 160°C; aimed iou charge control, 150,000; maximal fill time, 500 ms. For MS 2 peptide analyses, data-dependent software (HCT plus, Esquire Control, Bruker Daltonics) was used. To generate fragment ions, low energy CID was performed on isolated multiply charged peptide ions with a fragmentation amplitude of 0.6 V. Exclusion limits were automatically placed on previously selected mass-to-charge ratios for 1.2 min. For tryptic peptide mixtures of comparably low complexity, (i) MS spectra were a sum of seven individual scans ranging from m/z 300 to 1500 with a scanning speed of 8100 (m/z)/s and (ii) MS 2 spectra were a sum of four scans ranging from m/z 100 to 2200 at a scan rate of 26,000 (m/z)/s. For complex peptide mixtures, both MS and MS 2 spectra were a sum of two individual scans. A second series of MS 2 experiments was performed on a 7-tesla Finnigan LTQ-FT (Thermo Electron, Bremen, Germany) instrument equipped with a nanoelectrospray ion source. The instrument was operated in the data-dependent mode for MS and MS 2 analyses similar to the method described by Olsen et al. (26) . Briefly survey MS spectra from m/z 300 to 1500 were acquired in the FTICR cell with r ϭ 25,000 at m/z 400 with a target accumulation value of 50,000,000. The three most intense ions were sequentially isolated for accurate mass measurements by an FTICR "selected ion monitoring (SIM) scan" (mass window, Ϯ5 Da; resolution of 50,000; and target accumulation value of 100,000). Subsequent fragmentation was carried out in the linear ion trap by low energy CID (target accumulation value of 10,000). Former target ions selected for MS/MS were dynamically excluded for 45 s. The total cycle time was ϳ3 s. The general mass spectrometric parameters were as follows: spray voltage, 1.8 kV; no sheath and auxiliary gas flow; ion transfer tube temperature, 200°C; and normalized collision energy of 35% for MS 2 with activation q ϭ 0.25 and activation time of 30 ms. Ion selection thresholds were 1000 counts for MS and 500 counts for MS 2 . In general, we performed gas-phase fractionation in the m/z dimension for precursor ion selection (GPF(P ϩ m/z )) in MS/MS scans. To this end, each sample was analyzed thrice with a m/z range of 300 -1500 in the MS scan but each time with different overlapping narrow m/z ranges covering 400 -650, 600 -850, and 800 -1200 for the selection of precursor ions in MS 2 scans. Mass Spectrometric Data Analysis-Peak lists of MS 2 spectra acquired on the HCT ion trap (Bruker Daltonics) and LTQ-FT (Thermo Electron) instrument were generated using the software tools DataAnalysis 3.3 and Bioworks 3.1 SR 1, respectively. In either case, default parameters were used for the generation of peak lists. For peptide and protein identification, peak lists were correlated with the mouse International Protein Index (mouse IPI version 3.15.1) (www.ebi.ac.uk) database containing 68,222 protein entries using MASCOT (release version 2.0.04) (27) . Species restriction in database searches to mouse was justified by the fact that peroxisomal preparations from mouse kidney were analyzed. All searches were performed with tryptic specificity allowing two missed cleavages. Oxidation of methionine was considered as variable modification. MS 2 spectra acquired on the HCT ion trap instrument (Bruker Daltonics) were generally accepted with a MASCOT cutoff score of 22.5 as well as mass tolerances of 1.2 and 0.4 Da for MS and MS 2 experiments, respectively. LTQ-FT mass spectra were searched with a mass tolerance of 2 ppm for precursor ions and 0.4 Da for fragment ions, and MS 2 spectra were accepted with a minimum MASCOT score of 15. Cutoff scores applied in this work provided the highest number of protein identifications on the basis of two peptides and a false positive rate below 5%. False positive rates were calculated as described previously (28) . In brief, the exported mass spectra were searched using MASCOT (release version 2.0.04) against a composite database consisting of the mouse IPI and a duplicate of the same database in which the amino acid sequence of each protein entry was randomly shuffled. Proteins were assembled on the basis of peptide identifications using the ProteinExtractor Tool (version 1.0) in ProteinScape (version 1.3, Bruker Daltonics) and sorted according to their identification scores. This software automatically removes redundancies in protein entries, i.e. only the protein of lowest molecular weight is reported. In the case that different isoforms of a protein were reported by ProteinExtractor, these protein entries were inspected manually, i.e. the presence of each protein isoform was confirmed by the identification of at least one unique peptide. In the case that no unique peptide could be reliably identified, the respective isoform of the protein was not reported. Subsequent to the assembly of proteins, the false positive rate was calculated as the quotient of the number of all proteins identified in the shuffled database and the sum of all protein identifications in both the mouse IPI database and its shuffled version. Protein hits up to an accumulated false positive rate of 5% were considered as true positive protein identifications. In the case of database searches using LTQ-FT-MS 2 datasets, no false positive hits were detected when proteins were identified on the basis of at least two peptides with a minimum MASCOT score of 15. UniProt (www-.pir.uniprot.org) and Harvester (harvester.embl.de) search engines were then used to annotate proteins identified by MS.
For protein correlation profiling, the acquired nano-HPLC/LTQ-FT-MS 2 runs were correlated using the software package DeCyder MS (version 1.0; GE Healthcare). Peptide peaks were detected with an average peak width of 0.5 min using the Pepdetect Module. Subsequently peak matching was performed with a mass accuracy of at least 0.01 Da and a maximum time window of 4 min using the PepMatch software module. Following the matching of peptide peaks, peptide abundances in each of the analyzed gradient fractions were calculated from the area under the peak. All data processing steps were manually inspected to ensure correct peak detection and matching; overlapping peaks were discarded. MS 2 spectra within a range of 20% to the peak area were linked to those peaks and exported for a secondary search using the SEQUEST TM algorithm (SEQUEST version 3.0) (29) with the same parameters as stated above, although a cutoff Metascore of 3.0 was applied as calculated by ProteinScape (version 1.3, Bruker Daltonics) as described previously (28) . To generate protein correlation profiles, normalized abundance profiles of all peptides assigned to a given protein in the different gradient fractions analyzed were averaged. Abundance profiles were normalized by setting the highest intensity measured for a given peptide in the selected gradient fractions to one. " 2 values" were calculated with the formula 2 ϭ Α i (x i Ϫ x p ) 2 /x p in which i is the fraction number, x i is the normalized value in fraction i, and x p is the value of the reference protein in fraction i. The peroxisomal bifunctional enzyme (PBE), the mitochondrial ATP translocase, and peroxiredoxin-5 as bilocalized protein were used as reference proteins. In a second approach, all protein profiles obtained were partitioned into k clusters of similar shape (30) . This was done in an iterative procedure in which cluster centers and cluster memberships were changed until convergence was reached or a maximum number of iterations were performed. Initially cluster centers were randomly distributed, and each protein was assigned to the cluster with the smallest distance to the cluster center. However, cluster centers were moved dependent on the current cluster members (using one of several possible centroid calculation methods) in each iteration step. This led to a new assignment of cluster memberships. In general, the process has converged if both cluster centers and cluster membership do not change anymore. Depending on the start conditions, convergence may not be reached. Genedata Expressionist (Genedata AG, Basel, Switzerland) was used on all protein profiles with "Euclidean" distance function and with "mean" as the centroid calculation method. The input parameter k determines the number of clusters created. In this work, "maximal iterations" was set to 50. Because all measurements were given, no "missing values" had to be considered.
Cell Culture and Immunofluorescence Microscopy-COS7 cells (ATCC CRL-1651) were cultivated in Dulbecco's modified Eagle's medium with 10% fetal calf serum, 2 mM L-glutamine, 50 units/ml penicillin, and 100 g/ml streptomycin (BioWhittaker, Walkersville, MD). COS7 cells were transfected with plasmids by electroporation using Gene Pulser II (Bio-Rad) with the settings 200 mV and 950 microfarads. Cells were grown on glass coverslips for 48 h and then fixed for 20 min with 4% paraformaldehyde in PBS (137 mM NaCl, 2.7 mM KCl, 8.1 mM Na 2 HPO 4 ϫ 2H 2 O, and 1.46 mM KH 2 PO 4 ). Afterward cells were washed with PBS, permeabilized with 0.1% Triton X-100 in PBS, and blocked with blocking solution (PBS containing 10% FCS and 5 g/ml BSA). Rabbit antibodies against EGFP (1:800) and PMP70 (1:2000; Affinity BioReagents, Golden, CO) as well as mouse antibodies against EGFP (1:800; Chemicon, Temecula, CA), FLAG (1:800, M2, Sigma), and MYC (1:200, 9E10; ATCC CRL-1729) were diluted in blocking solution. Cells were incubated with primary antibodies for 2.5 h. Cy2-or Cy3-coupled secondary antibodies against mouse or rabbit immunoglobulins (1:150; Jackson ImmunoResearch Laboratories, Suffolk, UK) were also diluted in blocking solution and added for 1 h. For MitoTracker staining, cells were kept in Dulbecco's modified Eagle's medium containing all components and MitoTracker (1:10,000; Invitrogen) for 1 h prior to fixation with paraformaldehyde and were then processed as described above. Cells were analyzed using an Olympus BX51 fluorescence microscope.
RESULTS
Proteomics Investigation of Mouse Kidney Peroxisomes-
Peroxisomes from mouse kidney were isolated by density and gradient centrifugation of a light mitochondrial fraction prepared by differential centrifugation using established protocols (13) . The protein composition of the peroxisomal peak fraction (fraction 3) as determined by both enzyme activity and Western blot analyses against organelle marker proteins (Supplemental Fig. 2 ) was analyzed by MS-based proteomics methodologies. To increase the effective dynamic range of MS analyses, both SDS-PAGE separation and gas-phase fractionation in the m/z dimension for precursor ion selection (GPF(P ϩ m/z )) were used as described under "Experimental Procedures." In addition, we prepared an enriched membrane fraction of purified peroxisomes by alkaline treatment (Na 2 CO 3 , pH 11.5) to facilitate the identification of peroxisomal membrane proteins of low abundance by proteomics means. After SDS-PAGE separation of peroxisomal samples and in-gel tryptic digestion of proteins, nano-HPLC/ESI-MS 2 analyses were performed on a 3D ion trap instrument. For GPF(P ϩ m/z ) enhanced nano-HPLC/ESI-MS 2 analyses of tryptic digests of mouse kidney peroxisomes we used both a 3D ion trap and a hybrid LTQ-FTMS system. On the latter instrument, we performed SIM as described previously (26) . GPF in the m/z dimension (GPF m/z ) in MS scans was used previously to characterize the proteome of yeast peroxisomes by tandem MS (9) . To effectively increase the rate of peptide sampling, we tested different conditions for GPF(P ϩ m/z ) (data not shown), which resulted in the design of three slightly overlapping m/z windows of 400 -650, 600 -850, and 800 -1200. For protein assembly, uniform MS 2 datasets from both gel-enhanced and GPF(P ϩ m/z ) analyses were generated and then correlated with a composite version of the IPI database using MASCOT (28) . Proteins were identified on the basis of at least two peptides with a false positive rate below 5%. No false positive hits occurred when LTQ-FT-MS 2 datasets were analyzed under the conditions described here. Table I provides a compiled overview of all MS-based proteomics investigations conducted in this work to establish a comprehensive catalogue of proteins of mouse kidney peroxisomes (for detailed information on protein identification results and intracellular localization refer to Supplemental Table 1 ). Taken together, proteomics analyses resulted in the identification of 252 nonredundant proteins, 64 proteins (25%) of which were reported in the literature to be localized in kidney peroxisomes. The percentage of peroxisomal proteins in each analysis was in the range of 35-48. Of the 64 peroxisomal proteins identified, 42 are known peroxisomal matrix proteins, whereas 22 were PMPs (Table I) . Although most PMPs could already be identified through proteomics analysis of peroxisome preparations without further enrichment of membranes using SDS-PAGE followed by tandem MS analysis, four integral components of the peroxisomal membrane of very low abundance could only be detected in the respective membrane preparations. These membrane proteins were the murine adrenoleukodystrophy protein (ALDP) (31), Mpv17-like protein (32) , and the two peroxins PEX13 (33) and PEX2 (34) (Supplemental Table 1 ). PEX13 was reported previously to represent not more than 0.1% of total protein of mammalian peroxisomes (35, 36) , and the amount of ALDP was estimated to be less than 1 ⁄70 of the amount of PMP70 in rat liver (37) .
Due to the fact that peroxisomes cannot be purified to homogeneity, we also identified a total of 123 proteins (49%) that localize to subcellular structures other than peroxisomes. However, the percentage of these most likely contaminating proteins in each analysis was only 34 on average, indicating that these proteins were of rather low abundance in the peroxisomal samples analyzed here. To substantiate this observation, we obtained information on the abundance of individual proteins identified in the peroxisome preparations by peptide counting (38) (Table I and Supplemental Table 1 ). On average, 75% of all spectral counts were assigned to the 64 peroxisomal proteins identified in mouse kidney peroxisomes in this work, whereas only 16% were assigned to the 123 proteins known to localize to other subcellular structures. Accordingly the 65 proteins of unknown localization (26% of all identified proteins) contributed to 9% of total spectral counts on average. On the basis of spectral counts we can further report that alkaline treatment of peroxisome preparations increased the abundance of peroxisomal membrane proteins ϳ3-fold accompanied by a decrease of about 50% in both abundance and number of cytoplasmic proteins. Abundances of ER proteins and mitochondrial proteins were lower than 10% each.
For a current, most comprehensive proteome catalogue of mouse kidney peroxisomes including all 64 peroxisomal proteins identified in this work plus information on gene name, accession numbers, and general function please see Supplemental Table 2 . In addition, we identified 65 proteins of so far unknown localization in preparations of mouse kidney peroxisomes. We assume that the latter set may contain new potential candidates of mammalian peroxisomes.
Localization by Protein Correlation Profiling-To reliably identify genuine proteins of peroxisomes, we performed protein correlation profiling (PCP) (15) . In this semiquantitative MS approach, the distribution of proteins across a gradient are compared by plotting the normalized peptide abundances against the respective gradient fractions. Proteins belonging to the same organelle feature similar profiles that show highest abundances in the corresponding organelle peak fraction. Consequently candidates with profiles that either follow or deviate from the profiles of true resident proteins of that organelle can thus be classified unambiguously. Proteins may also feature characteristics of protein profiles of two or more distinct subcellular structures, indicating dual or even multiple localization sites (17) .
In the experimental design, we focused on the ability to reliably discriminate between genuine components of peroxisomes and other subcellular structures, in particular mitochondria, which are generally known to represent a major contaminant of peroxisomes purified by density and gradient centrifugation. To this end, consecutive peptide MS 2 analyses of six gradient fractions were performed on a nano-HPLC/ ESI-LTQ-FTICR system using GPF(P ϩ m/z ) combined with SIM scans. We analyzed two technical replicates, referred to as Set 1 and Set 2. A total of 3999 peptides were followed across the six fractions, allowing for the calculation of profiles for 110 of 114 proteins identified in the peroxisomal peak fraction (Supplemental Table 3 ).
We applied two independent statistical approaches to evaluate the protein profiles established in Set 1 and Set 2 and to eventually determine new genuine components of mouse kidney peroxisomes. We first compared the correlation profiles of peroxisomal proteins and typical contaminants, i.e. mitochondrial proteins, using the 2 method. In this supervised approach, the correlation values ( 2 values) between the correlation profiles of marker proteins are calculated, and then a "goodness of fit" is defined for all other proteins. We chose the PBE, the mitochondrial ATP/ADP translocator, and the bilocalized protein peroxiredoxin-5 as marker proteins. The profiles established as an average of normalized peptide abundances of these marker proteins are shown in Fig. 1A . Correlation values were then calculated for all other proteins identified in the peroxisomal peak fraction for Set 1 and Set 2 (Supplemental Table 4 ). Peroxisomal and mitochondrial proteins clearly separated in their 2 values, indicating the ability to discriminate between these two groups of proteins. Generally proteins localized to peroxisomes exhibited great similarity to the profile of PBE ( 2 values below 3) and greatly differed from the profile of ATP translocase ( 2 values greater than 12). In contrast, mitochondrial proteins uniformly showed 2 values lower than 8 when compared with the profile of ATP translocase. Because the established profiles of PBE and peroxiredoxin-5 showed great similarity in the first three fractions (fractions 2, 3, and 4) whereas major differences only appeared in the gradient fractions of lower density (fractions 6, 8, and 10), their respective 2 values were rather similar ( Fig. 1A and Supplemental Table 4 ). We therefore considered a protein as being localized exclusively in peroxisomes if the squared distance was smaller to PBE than to peroxiredoxin-5. In the opposite case, a dual localization was assigned to the respective protein.
To support the localization data obtained on the basis of normalized square deviations, we additionally used hierarchical k-means clustering as an unsupervised method (30) . Briefly, the Euclidean distance between protein profiles was utilized to partition all profiles into k clusters of similar shape. This was done in an iterative procedure in which cluster centers and cluster memberships are updated until convergence or a maximum number of iterations is reached. In k-means clustering with k ϭ 1 to k ϭ 6, one large cluster is always found containing quite heterogeneous profiles, referred to as magnet cluster. Higher k-values do not partition the magnet cluster but partition the smaller clusters instead. We therefore used 2-means clustering and successively partitioned the larger or more heterogeneous cluster into two further subclusters, resulting in eight clusters with no further partitioning. The average profile shapes of these clusters were then classified into three groups (mitochondrial, peroxisomal, and dual location) based on our knowledge about profile shapes of organelle marker proteins. The average profile shapes of the three final clusters are shown in Fig. 1B oxisomal peak fraction 3 of the gradient, and 2) a protein considered as bilocalized has to show two local maxima in its respective profile with one maximum in fraction 3 and the other maximum in fraction 10. Proteins that did not meet all the criteria established here in Set 1 and/or Set 2 were designated as "false," and thus no localization was assigned (Supplemental Table 4 ). Only those proteins that were uniformly predicted to exhibit dual location in both datasets (Set 1 and Set 2) were reported as bilocalized proteins in this work.
Statistical analyses of Set 1 and Set 2 using two independent methods (k-means clustering and 2 method) in combination with the criteria established in this work resulted in the successful location of 87 proteins. Of these, 55 proteins were assigned to peroxisomes, 23 proteins were assigned to mitochondria, and nine proteins were assigned to a dual location (Supplemental Table 4 ). We note that protein location results obtained by k-means clustering and the 2 method were in very good agreement. For example, only seven proteins were predicted to localize to different subcellular structures using these two different statistical approaches in Set 1. In general, the difference in data was only between dual and peroxisomal or mitochondrial location because dual protein profiles display characteristics of both peroxisomal and mitochondrial profiles. Only three proteins (PEX11b, 2-hydroxyphytanoylCoA lyase, and tetratricopeptide repeat protein 11) known to localize to peroxisomes did not meet all the criteria in Set 1 and Set 2 and, thus, were finally designated as false. However, no known peroxisomal protein was assigned to mitochondrial location, indicating the high accuracy of this approach. As the final result of this effort, we could extract 11 new candidates most likely representing genuine components of mouse kidney peroxisomes as well as four proteins that appear to exhibit a dual location (Table II and Supplemental  Table 4 ). Of the 15 candidates reported in this work, six were identified previously in rat liver peroxisomes by proteomics analysis (11, 12) . With the exception of ACAD11, the RIKEN cDNA clone 1810022C23, and ACOT12, all reported candidates exhibited peptide counts below 10 ( Table II) , indicating that these proteins represent low abundance components of mouse kidney peroxisomes.
Validation by Fluorescence Microscopy-Proteomics investigations resulted in the identification of 15 candidates of mouse kidney peroxisomes (Table II) . To corroborate MS-based results on protein localization studies, we analyzed the subcellular localization of selected proteins by immunofluorescence microscopy. Thus, fusion proteins of five candidates, namely the putative membrane proteins 2810439K08RIK (TMEM135 protein), referred to as PMP52 in this work, and MOCO sulfurase C-terminal domain-containing 2 protein (MOSC2) as well as the putative matrix proteins zinc-binding alcohol dehydrogenase domain-containing protein 2 (ZADH2), acyl-coenzyme A dehydrogenase family member 11 (ACAD11), and the acyl-CoA-binding protein 5 (ACBD5), were expressed in COS7 cells. Their subcellular localization was then investigated by co-localization with a peroxisomal (PMP70) and a mitochondrial (MitoTracker) marker. For PMP52 and the soluble proteins, a punctate pattern was observed that corresponds well to the pattern of the peroxisomal marker protein PMP70 (Fig. 2) . As a control, mitochondria were detected with MitoTracker, but none of the proteins co-localized with mitochondria (Supplemental Fig. 1 ). MOSC2 could be shown to have a dual localization. Accordingly a MOSC2 variant carrying a C-terminal MYC tag was found in mitochondria but also in peroxisome (Fig. 2, bottom) . However, when the MYC tag was fused to the N terminus and thus effectively blocked the predicted mitochondrial signal parts of the protein, MOSC2 was still found in peroxisomes, but no co-localization with mitochondria was observed (data not shown).
DISCUSSION
Subcellular fractionation combined with MS-based proteomics analysis provides a most powerful means to establish comprehensive protein catalogues of organelles. Because organelles are not static entities but rather dynamic cellular structures, the respective protein components can only be defined for a specific tissue, cell type, and/or metabolic state at a given time. A major benefit of organellar proteomics is that the complexity of an organelle-enriched sample is, in theory, compatible with the sensitivity and dynamic range of current MS-based methods, even allowing for the identification of proteins of low abundance. Yet thorough purification of subcellular structures remains a key factor in obtaining meaningful data in organellar proteomics. This is particularly true for mammalian peroxisomes, which contribute to only 1-5% of the cell volume depending on tissue type and metabolic state. Furthermore mitochondrial and ER membranes, which generally account for the largest fraction of total cellular membranes, may impede the detection of low abundance PMPs (36) . This problem is further emphasized by the fact that PMPs only contribute to ϳ10% of the entire proteome of peroxisomes. Moreover although PMP70 and PMP22 are highly abundant in peroxisomal membranes (as a rough estimate 50% of total PMPs), peroxins such as PEX13 and PEX12 each account for less than 0.1% of total peroxisomal protein (35) .
The current literature lists ϳ75 proteins as components of mouse kidney peroxisomes of which 48 reside in the matrix and 27 reside in the membrane. Of these, we identified 42 peroxisomal matrix and 22 peroxisomal membrane proteins (64 proteins in total, 85% coverage) by proteomics investigations of purified mouse kidney peroxisomes. We only failed to detect two ATP-binding cassette (ABC) transporters, two peroxins, and seven matrix proteins that were shown previously to localize to mammalian peroxisomes (Supplemental Tables  1 and 2) .
Four ABC transporters, namely ALDP, adrenoleukodystrophy-related (ALDR) protein, PMP70, and PMP69, are reported to reside in the membrane of mammalian peroxisomes (1, 39, 40) . The functional importance of these transporters is dem- noleukodystrophy patients (41) (42) (43) . The expression of these membrane proteins was found to vary in different tissues (44) . For example, a high level of PMP70 but very low ALDR expression was observed in mouse kidney as assessed by mRNA analysis (45) . Using current proteomics methodologies, we could readily identify both PMP70 and ALDP in mouse kidney peroxisomes, whereas ALDR and PMP69 remained elusive. Because we successfully identified PMPs of very low abundance such as PEX13, we hypothesize that both ALDR and PMP69 show very low expression in mouse kidney peroxisomes. The inability to detect the peroxins PEX7 and PEX19 can be rationalized by their mainly cytosolic localization due to their function as shuttling receptor proteins (46, 47) . If peripherally attached to the membrane, they are in all likelihood removed by carbonate treatment of peroxisome samples as performed in this work. Furthermore we did not detect the peroxisomal matrix proteins PTE1C, bile acid-CoA:amino acid N-acyltransferase (BACAT), polyamine oxidase, malonyl-CoA decarboxylase, MPV17, XDH, and NUDT7. The latter, peroxisomal nudix hydrolase 7, exhibits highest expression in liver but only intermediate expression in kidney (48) . A similar pattern of expression was found for the human orthologue, NUDT7. However, NUDT7 as well as xanthine oxidoreductase, XDH (49), were not detected in peroxisomal preparations from rat liver by proteomics studies either (11, 12 ). Yet Kikuchi et al. (11) were able to detect BACAT, a member of the type I acyl-CoA thioesterases, in rat liver peroxisomes. BACAT was recently shown to be strongly expressed in liver, and moreover the human orthologue was mainly found in the cytosol (50, 51) . Accordingly if expressed at all, BACAT may only be present in vanishing low amounts in mouse kidney peroxisomes. Furthermore low expression of the peroxisomal acyl-CoA thioesterase Ic (PTE1C) in kidney was reported (52) , providing us with a reasonable explanation why this protein was not detected in this work.
Recent data initiated a new debate on the cellular localization of MPV17. Although Zwacka et al. (53) reported a role for MPV17 in the peroxisomal reactive oxygen metabolism, Spinazzola et al. (54) just recently demonstrated that this protein is an integral constituent of the mitochondrial inner membrane and that its absence or malfunction causes failure of oxidative phosphorylation. The latter investigation (54) supports proteomics data, i.e. the failure to detect MPV17 in preparations of mammalian peroxisomes as reported here and in previous studies (11, 12) . Two further proteins were not detected in our study, N 1 -acetylated polyamine oxidase exhibiting only low expression in kidney peroxisomes (55) as well as a putative peroxisomal form of malonyl-CoA decarboxylase (56) . In view of the above discussion, we argue that we were able to detect virtually all known resident proteins of mouse kidney peroxisomes. This inventory also includes enzymes just recently designated as peroxisomal, such as the acyltransferase ACNAT1 (57), RP2 (13) , and the Lon protease (11) .
Through elaborate PCP combined with statistical analyses, we provided a set of 15 new peroxisomal candidates of which four proteins, namely ZADH2, ACAD11, ACBD5, and the RIKEN cDNA clone 2810439K08 (designated as PMP52), were validated by immunocytochemistry (Table II and Fig. 2) . Six of these candidates (ACAD11, ACBD5, MDH1, CYB5A, DIA1, and ALDH3A2) were also detected in peroxisome preparations from rat liver (11, 12) (Table II) . All new candidates identified here were of moderate to very low abundance as estimated by peptide counting, demonstrating the general capability of PCP to identify even minor organellar components against a background of contaminants. Failure to establish the profile of a given protein was usually due to the incapability to detect this compound in an adequate number of gradient fractions due to its low abundance. On the basis of our results, we estimate the false positive rate of protein localization by PCP to be lower than 10%, which is in agreement with previous studies (15, 17) . Our work ultimately resulted in a significant increase in the number of peroxisomal proteins and we believe the most comprehensive, yet not complete, catalogue of mammalian peroxisomes.
To the best of our knowledge, no information about cellular localization is available for half of the 15 peroxisomal candidates identified in this work. Only four candidates (ZADH2, ACAD11, ABHD14B, and a protein similar to BACAT) contain a peroxisomal targeting signal type 1 (PTS1) as predicted by using PSORT (58) . For ZADH2 and ACAD11 we also showed by fluorescence microscopy that they localize to peroxisomes and thus contain a functional peroxisomal targeting signal.
Of great interest is the identification of PMP52, which is related to PMP24, a bona fide component of the peroxisomal membrane (59) . Localization of PMP52 to peroxisomes was shown by both PCP and immunofluorescence. Consequently we suggest that PMP52 represents a new integral component of peroxisomal membranes that may have functions similar to those of PMP24. Apart from PMP52, two additional components of the peroxisomal membrane were identified, MOSC2 and ATAD1. MOSC2 was shown to exhibit a dual localization based on PCP as well as immunofluorescence spectroscopy in this study; as yet, however, this iron-sulfur protein was known to be exclusively localized to mitochondria (60) . ATAD1 belongs to the AAA superfamily of ATPases. Most members of this functionally diverse group of enzymes are involved in the unfolding of proteins or disassembly of protein complexes and aggregates (for a review, see Ref. 61 ), a property that could suggest that ATAD1 is involved in some aspects of peroxisomal homeostasis. We note, however, that whatever the physiological role of ATAD1 is, it may not be restricted to peroxisomes only. Indeed transient expression of an ATAD1-green fluorescent protein fusion protein in mammalian cells revealed a peroxisomal and mitochondrial localization. This observation is in general agreement with the finding that MSP1 (a yeast protein displaying 51% sequence identity to ATAD1) displays the same behavior.
2 Yeast MSP1 was first described by Nakai et al. (62) as a protein involved in intramitochondrial protein sorting. We also provided first evidence for the peroxisomal localization of the two acyl-CoA thioesterases ACOT1 and ACOT12 as well as the multifunctional protein ADE2. As yet, these enzymes were considered to reside in the cytoplasm. Because ACOT1 and ACOT12 are members of a group of enzymes that hydrolyze CoA esters to the corresponding free acids and CoA (63, 64) , they are suggested to be involved in the regulation of lipid metabolism. ACOT1 was recently reported to exhibit high specificity for C 12 to C 20 acyl-CoA esters with a high activity in the cytosol (65) . Our data, however, show that ACOT1 is most likely present in peroxisomes as well.
The localization studies performed in this work confirm previous reports (11, 12, 66, 67) that suggest the peroxisomal localization of three microsomal proteins, namely cytochrome b 5 (CYB5A), the corresponding reductase (DIA1), and the fatty aldehyde dehydrogenase (FALDH) encoded by the gene Aldh3a2. Although for the first two microsomal proteins a dual localization was assigned by PCP, our profiling data indicate an association of the FALDH with peroxisomes. In view of this finding, it is tempting to suggest an important role for FALDH in lipid metabolism (e.g. the detoxification of fatty aldehydes) in peroxisomes. At this point, it is also of great interest to note that mutations in the Aldh3a2 gene cause Sjö gren-Larsson syndrome, an inherited human neurocutaneous disorder characterized by ichthyosis, mental retardation, and spasticity. The pathogenesis of these symptoms is thought to result from abnormal lipid accumulation, defective metabolism of eicosanoids, or the increased formation of aldehyde adducts with lipids and/or proteins (68, 69) .
CONCLUDING REMARKS
Using a quantitative MS-based screen, we identified 15 new peroxisomal candidate proteins, including three putative membrane proteins. To increase the possibility of identifying new integral membrane components of peroxisomes, we advocate the idea of subjecting density gradient fractions enriched for membranes to PCP analysis. The detection of 15 new candidates, of which five proteins were validated by immunofluorescence microscopy, opens up the possibility to gain new insight into peroxisomal functions in health and disease. In our research alliance, follow-up studies on new peroxisomal proteins reported in this work have already been initiated for functional characterization. This may eventually result in a better understanding of the biochemistry of mammalian peroxisomes as well as the improvement of our knowledge about human diseases linked to the malfunction of peroxisomes.
